To review the present knowledge of the role of endoplasmic reticulum (ER) stress and unfolded protein response (UPR) in the pathogenesis of fibrotic diseases.
INTRODUCTION
Endoplasmic reticulum (ER) stress and unfolded protein response (UPR) constitute a homeostatic response to accumulation of misfolded protein as well as numerous other stimuli and can occur in various tissues and organs. Although ER stress serves a protective role that allows cells to deal with the noxious stimuli, prolonged ER stress contributes to the development and progression of many diseases, including neurodegenerative disorders, type II diabetes, artherosclerosis, and cancer (reviewed in [1] ). Furthermore, selective signaling pathways that mediate ER stress can also contribute to other ER stress-independent cellular responses such as the well described regulation of innate immune signaling by the Inositol-Requiring Enzyme 1 (IRE1)/Xbox binding protein 1 (XPB1) branch of UPR [2] . Whereas fibrosis is an integral part of many of the pathological conditions associated with ER stress and UPR, the role of these pathways in the fibrotic process is only beginning to emerge. This article will discuss current evidence supporting the role of ER stress in the process of fibrosis.
ENDOPLASMIC RETICULUM STRESS AND UNFOLDED PROTEIN RESPONSE: OVERVIEW
The ER is an intracellular organelle in which most of the secretory and membrane proteins are synthesized, post-translationally modified, and folded into their correct conformations. Only properly folded proteins can be transported to the Golgi for further processing [3] . In addition, the ER is responsible for intracellular calcium homeostasis [4] . ER stress occurs when there is an imbalance between protein load and folding capacity, but can also be induced by other mechanisms [5] . In response to ER stress, cells activate an adaptive mechanism known as UPR [6] . UPR restores protein homeostasis by suppressing protein translation, inducing ER-related molecular chaperones to promote refolding of unfolded proteins, removing unfolded proteins by activating the ER-associated protein degradation (ERAD) system, and promoting cell survival. However, during prolonged or overwhelming ER stress when UPR fails to restore the normal function of the ER, a proapoptotic pathway is initiated through the activation of CCAAT/enhancer-binding homologous protein (CHOP) also termed growth-arrest and DNA-damage inducible gene 153 (GADD153) [7] .
There are three branches of UPR that are initiated by distinct ER stress transducers located on the ER membrane: PKR-like endoplasmic reticulum kinase-(PERK), protein kinase R (PKR)-like endoplasmic reticulum kinase; IRE1, inositol-requiring enzyme 1; and ATF6, activating transcription factor 6. Under basal conditions these proteins are bound by the ER chaperone BiP (immunoglobulin-heavy-chain binding protein, also known as GRP78) and maintained in an inactive state [8] . When ER stress develops, BiP is sequestered by the misfolded peptides and, as a consequence, released from the three sensor proteins, which triggers activation of the UPR branches [9] All three branches of the UPR regulate the activation of CHOP, a central mediator of ER stress-induced apoptosis; however, activating transcription factor 4 (ATF4) is considered to be a major inducer of CHOP expression. CHOP is expressed at a very low level under physiological conditions, but its expression level is significantly increased in the presence of severe or persistent ER stress. As a transcription factor, CHOP has been shown to regulate numerous proapoptotic and antiapoptotic genes, including Bcl-2 and GADD34 [10] (Fig. 1 ).
The PERK/eIF2a/ATF4 pathway
When unfolded proteins accumulate in the ER lumen, the first response is to attenuate further protein translation, which reduces the ER load and prevents accumulation of unfolded protein.
The PERK/eukaryotic initiation factor 2a (eIF2a) pathway mediates this response. PERK, a transmembrane serine/threonine kinase localized in the ER membrane, is activated by ER stress via dimerization and autophosphorylation, leading to phosphorylation of eIF2a and resulting in a global inhibition of translation. Phosphorylated eIF2a promotes expression of the selected proteins such as transcription factors ATF4. In response to long-term adaptation to stress conditions, phosphorylation of eIF2a induces the expression of the growth arrest and DNA damage gene, GADD34, an important component of translational recovery during the ER stress response [11, 12] .
The IRE1/XBP1 pathway During ER stress, IRE1 dissociates from BiP, becomes activated, and induces splicing of XBP1. The newly generated spliced XBP1 is an active transcription factor, which can induce downstream genes, such as ER chaperones and proteins involved in ERAD. These proteins work together to restore the ER homeostasis and promote cell survival [13, 14] .
The ATF6 pathway ATF6 is a type II ER transmembrane protein. Like IRE1 and PERK, ATF6 binds to BiP and remains in an inactive state in unstressed cells. In response to ER stress, the BiP/ATF6 complex is dissociated, resulting in the translocation of ATF6 from the ER membrane to the Golgi in which it is cleaved by two serine proteases to produce the active form. The active ATF6 then moves to the nucleus and directly induces transcriptional activation of chaperone molecules such as BIP/GRP78, and ER stress response element (ERSE)-related genes through binding their promoters. It also induces other URP genes, such as XBP1 and CHOP [15, 16] .
KIDNEY FIBROSIS
Activation of all three branches of the UPR has been demonstrated in a well established model of renal fibrosis, the unilateral urethral obstruction (UUO) model [17 & ]. The authors show that in this model prolonged ER stress leads to sustained activation of the ATF4 and the ATF6-CHOP proapoptotic pathways, as well as induction of other proapoptotic mediators, including c-Jun N-terminal kinases (JNK), Bax, and caspase 12. Although the IRE1 pathway also contributes to activation of the caspase 12 and JNK pathways [17 & ], the unspliced and spliced
KEY POINTS
ER stress and UPR have been observed in lung, liver, and kidney fibrosis.
CCAAT/enhancer-binding homologous protein (CHOP)/growth-arrest and DNA-damage inducible gene 153 (GADD153) is a key mediator of ER stressinduced proapoptotic pathways.
CCAAT/CHOP-deficient mice are protected from the ER stress-induced cell death, as well as fibrosis.
Individual branches of the UPR are also involved in other cellular processes such as inflammation or TGF-b signaling.
levels of XBP1 decline, suggesting attenuation of the adaptive UPR response during this process. Activation of the apoptotic ER stress/UPR pathways results in apoptosis of tubular cells and subsequent renal fibrosis. Furthermore, this study shows that administration of the angiotensin II (Ang II) receptor blocker, candesartan, or an ER chemical chaperone, 4-phenylbutyric acid (4-PBA), resulted in amelioration of fibrosis, which correlated with suppression of the ATF4 and ATF6 pathways and restoration of XBP1 expression, suggesting that ER stress/ UPR may play a causative role in this model. Given the prominent role of elevated Ang II in cardiac and renal disorders, the association of the Ang II pathway with ER stress/UPR is very intriguing; however, it is not clear at this time how these two pathways are interconnected. In a model of diabetic nephropathy that used aged C57/Bl mice, the association of the ER stress-CHOP pathway with the development of the nephropathy was also described [18] . Furthermore, CHOP-deficient mice were protected from developing diabetic nephropathy. The authors present additional data in support of inflammation, and specifically TNF-a, in induction of the ER stress proapoptotic CHOP pathway in tubular interstitial cells.
CARDIAC FIBROSIS
In the heart, ER stress and UPR have been linked to ischemia-reperfusion injury, whereas a prolonged ER stress has been shown to contribute to cardiac hypertrophy and heart failure [19] . An early study showed that increased pressure load rapidly induces ER stress, whereas chronic perturbation of ER function, which in that study was induced by the overexpression of mutated Lysine-Aspartic acid-Glutamic acid-Leucine protein, led to cardiac dilation with congestive heart failure and interstitial fibrosis [20] . Several other studies using different experimental models have confirmed association of ER stress with heart hypertrophy and fibrosis [21] ; however, it is important to note that depending on the context ER stress may play a pathological or a protective role in heart damage and failure [19] . Recent preclinical studies have shown that two US Food and Drug Administration (FDA)-approved chemical chaperones, 4-phenylbutyric acid (4-PBA) and tauroursodeoxycholic acid (TUDCA), showed very promising results in reducing ER stress in several animal models. The oral administration of 4-PBA markedly reduced hypertrophy and downregulated fibrosis-related genes in a model of pressure-overload cardiac hypertrophy [22] . Similarly, 4-PBA administered subcutaneously prevented cardiac fibrosis induced by injection of isoproterenol [23] . Kassan et al. [24 & ] have examined the effects of TUDCA and 4-PBA in the Ang II infusion model. Their study shows that Ang II infusion is associated with ER stress induction in the heart and that inhibition of ER stress reduced cardiac hypertrophy and fibrosis, which correlated with reduced TGF-b activity and reduced oxidative stress in this model. Furthermore, the authors show that inhibition of ER stress improves vascular function in the aorta and in mesenteric arteries (MRAs), in part, by reducing TGF-b activity in the aorta and by reducing oxidative stress in both aorta and MRAs.
LIVER FIBROSIS
The liver is one of the major secretory organs in the body with a key role in glucose and lipid metabolism, and a number of pathological stimuli, including ethanol, drugs, viral infection, and ischemia-reperfusion, have been shown to cause perturbation of the ER function and activation of the UPR pathways in hepatocytes (reviewed in [5] ). Furthermore, ER stress/UPR has been implicated in the pathogenesis of several liver diseases, including nonalcoholic fatty liver disease, cholestasis, chronic viral hepatitis, alcohol-induced liver injury, and others [5] . Hepatic fibrosis is a final common pathway for almost all liver diseases resulting from activation of hepatic stellate cells (HSCs), a principal liver cell-type responsible for extracellular matrix production and scar tissue formation [25] . A link between UPR and liver fibrosis has been examined in a mouse model of a1-antitrypsin (a1-AT) deficiency [26] . a1-AT deficiency is a genetic disorder caused by a mutation in the a1-AT serine protease inhibitor gene, and primarily affects the liver and lungs. A common a1-ATZ variant represents a single amino acid substitution that causes protein misfolding and accumulation in the ER. Transgenic mice expressing the human a1-ATZ variant (PiZ mice) develop mild symptoms of ER stress [27] , but CHOP is not upregulated in these mice. However, expression of the a1-ATZ variant predisposes these mice to develop full ER stress and UPR after additional insult such as cholestasis by bile duct ligation (BDL). Furthermore, it was shown that PiZ mice were more susceptible to liver fibrosis induced by cholestasis. Augmented fibrosis correlated with up-regulation of CHOP, increased hepatocyte apoptosis, and increased expression of TGF-b, as compared to wild-type mice.
A key role of CHOP in promoting the fibrotic response was demonstrated in a related study that showed amelioration of cholestasis-induced liver fibrosis in CHOP-deficient mice [28] . As illustrated by these studies the CHOP-mediated apoptosis of hepatocytes is a primary mechanism linking ER stress and fibrosis in the liver, whereas HSCs do not develop ER stress but become activated in response to TGF-b and other mediators, resulting from hepatocyte death. An interesting recent study has shown that ER stress can be induced in HSCs by cannabidiol (CBD). Furthermore, prolonged CBDmediated ER stress caused apoptosis of activated but not quiescent HSCs [29] . The authors of the latter study postulate that CBD may be useful as a therapeutic agent in liver fibrosis.
Although a1-AT deficiency in the liver did not produce ER stress in a mouse model [26] , in monocytes isolated from patients with the a1-AT deficiency (ZZ) activation of the ER stress/UPR pathways and increased production of proinflammatory cytokines both at baseline and after stimulation with lipopolysaccharides were observed [30] . This suggests that the role of the a1-ATZ variant in ER stress induction may depend on the cell type and may also be species-dependent.
LUNG FIBROSIS
The activation of ER stress and UPR was first observed in patients with familial interstitial pneumonia (FIP) carrying a mutation in surfactant protein C (SFTPC) [31] . The presence of UPR was demonstrated in type II alveolar epithelial cells, which specifically express SFTPC. In subsequent studies prominent ER stress in alveolar epithelial cells (AECs) was also observed in patients with FIP not carrying the SFTPC mutation, as well as patients with sporadic idiopathic pulmonary fibrosis (IPF) [32] . Interestingly, in a large proportion of those patients herpes virus protein expression was found to colocalize with UPR markers, suggesting that herpes viruses may induce ER stress in those patients [32] . Other potential causes of ER stress in the lungs may include exposure to inhaled particulate matter or cigarette smoke [33] . The link between ER stress, fibrosis, and viral infection was further investigated in mice infected with murine gamma herpes virus 68 (MHV68) [33] . It was shown that infection with MHV68 leads to development of ER stress in AECs, as well as AEC apoptosis and subsequent lung fibrosis in aged mice, whereas infected young mice develop mild reversible pneumonitis only. This study suggests that aging may lead to impairment of the UPR response, which, in turn, may contribute to the development of IPF in the elderly. To further investigate the role of mutated surfactant protein Lawson et al. [34] have developed a transgenic mouse expressing human mutant surfactant protein (L188Q SPFTC) exclusively in type II AECs by using the Tet-On system. These mice showed evidence of ER stress and UPR in AECs, but ER stress/UPR alone was not sufficient to induce lung fibrosis. However, exaggerated fibrosis was observed in the mutant mice after administration of bleomycin, suggesting that activation of ER stress plays a role in the severity of the fibrotic process [34] . The follow-up in-vitro studies have shown that expression of the L188Q mutant in AECs leads to induction of epithelial mesenchymal transition (EMT), suggesting that this process may also contribute to the ER stress-dependent fibrosis in vivo [35] .
A recent study by Baek et al. [36 && ] has also suggested that selected ER stress pathways may contribute to the TGF-b-induced myofibroblast differentiation and collagen production. The authors showed that TGF-b induces BiP/GRP78, XPB-1 and ATF6a, but not p-eIF2a or CHOP in human and murine pulmonary fibroblasts. Blockade of GRP78 by siRNA significantly reduced collagen and alpha smooth muscle actin expression in response to TGFb, suggesting, for the first time, a profibrotic role of ER stress directly in fibroblasts. Furthermore, this study suggests that UPR pathways may be activated downstream of reactive oxygen species (ROS) induction and may contribute to the chronic ROS generation in fibroblasts [36 && ]. Since ROS have been implicated in the pathogenesis of pulmonary fibrosis, this study underscores the link between ER stress and ROS in the development of fibrosis.
PULMONARY ARTERIAL HYPERTENSION
Endoplasmic reticulum stress and UPR are prominently activated in endothelial cells and macrophages during the progression of atherosclerosis [37] . As discussed in the earlier section, ER stress is also linked to endothelial cell dysfunction in aorta and mesenteric arteries in the Ang-II infusion model [24 & ]; however, relatively little is known about whether ER stress also contributes to the vascular dysfunction in pulmonary arterial hypertension (PAH). Endothelin-1 (ET-1) is a potent vasoconstrictor that plays pathological role in pulmonary hypertension. Yeager et al. [38] have investigated the link between ET-1 and ER stress in pulmonary arterial smooth muscle cells (PASMCs). They found that in those cells ET-1 induces UPR via the endothelin A receptor and ERK 1/2. This response was associated with induction of several proinflammatory cytokines in an ATFa-dependent manner. Interestingly, previous studies by Lenna et al. [39] have shown that ET-1 and IL-6 are induced in response to ER stress in endothelial cells, suggesting that ER stress and UPR could contribute to the up-regulation of ET-1 and proinflammatory cytokines during pathogenesis of PAH. Importantly, it was shown that Human Leukocyte Antigen B35, which is associated with increased risk for developing PAH in Italian SSc patients [40] , induced ER stress-mediated up-regulation of ET-1 [39] . Additional studies have shown that the ATF4 branch of UPR mediated up-regulation of ET-1 in endothelial cells (Keystone Symposium Fibrosis, http://www.keystonesymposia. org/meetings/viewMeetings.cfm?MeetingID=1154). Although these studies suggest that ER stress and UPR could contribute to PAH, it would be important to extend these findings to animal models of PAH, as well as analyses of lung specimens from patients with pulmonary hypertension. Autophagy, which is frequently associated with prolonged ER stress, is a cellular mechanism facilitating lysosome-dependent degradation of organelles and proteins [41] . It may be relevant that pulmonary hypertension is characterized by elevation of the autophagic protein LC3B both in humans and in a mouse model of hypoxia-induced pulmonary hypertension [42] . The main finding of the latter study suggests that autophagy plays a protective role in pulmonary hypertension, as mice deficient for LC3B or an activator of the LC3B gene, Egr-1, have worsened disease [42] .
Inflammation plays an important, albeit not fully elucidated, role in PAH [43] . We have observed significantly elevated expression levels of ER stress and UPR markers in PBMCs isolated from patients with SSc-PAH in comparison to patients with limited SSc and healthy controls (Lenna et al., manuscript under revision). These initial studies suggest that ER stress and UPR may contribute to the pathogenesis of PAH by affecting endothelial and vascular smooth muscle cells, as well as immune cells, but further studies are warranted to confirm this possibility.
CONCLUSION
The contribution of ER stress and UPR to the pathogenesis of many diseases has been firmly established. With respect to fibrotic diseases, ER stress and UPR may play a role in promoting inflammation and release of TGF-b in response to the CHOP-mediated activation of apoptotic pathways. There is also evidence that ER stress and UPR may have a direct role in the TGF-b response and myofibroblast activation through induction of ROS; however, additional studies are needed to further extend these novel findings. As UPR may have both harmful and beneficial effects depending on the specific organ and conditions, a better understanding of the role of these pathways in specific fibrotic disorders is needed as a prerequisite for future therapeutic interventions, including chaperones to improve protein folding.
